Abstract. The transition of high oriented pyrolytic graphite (PH) and unoriented high density (UH) graphite was investigated under multiple shock-wave compression up to 60 GPa. It was found (for PH graphite) when the amplitude of first shock wave exceeds the pressure of graphite -diamond phase transition there occurs martencite conversion during ns time range. Preliminary dynamic loading by the pressure below 21 GPa increased the transition time by two orders. The same transition time was fixed in experiments with UH graphite The unusual sharp reversible increase in electrical conductivity at 55 GPa against the background of the pressure continuing to increase was found.
INTRODUCTION
Electrical conductivity is one of the few physical properties of the substance that can be measured immediately behind a shock wave directly in the field of high dynamic pressures. The currently achievable time resolution of such experiments provides important insights not only in the nature of various conversions in compressed substances but in their kinetic characteristics as well.
One of the most attractive objects for such investigations is carbon in the form of graphite which under dynamic pressure in excess of ~20 GPa readily converts to diamond [1] [2] [3] [4] [5] [6] . Since diamond is a satisfactory dielectric the conversion can be expected to produce a considerable decrease rather than increase in the electrical conductivity of the substance behind the shock wave front. In this connection, apart from the obvious theoretical interest, such investigations are also of certain practical significance in relation to the development of high-speed explosive commutators of electrical energy. The first results relating to the possibility of a sharp reduction in the electrical conductivity of graphite upon shock wave compression were reported by Mitchel, Shaner and Keeler [7] . The authors loaded pyrolytic graphite of initial electrical conductivity £=6.5 xlO 4 Ohm^m" 1 , up to final pressures 30, 38 and 58 GPa. It was shown that at 30 GPa the sample remained in the form of graphite. Its electrical conductivity increased to IxlO 6 Ohm" 1 m"
1 . As the pressure was increased to 38 GPa, the graphite-diamond transition taking about IJLIS and accompanied by a reduction in I to 5.3xl0
2 Ohm" 1 m" 1 was observed. And finally at the highest pressure investigated, a conductivity jump to 1.3xl0 3 Ohm" 1 m" 1 occured in the nanosecond time range.
The conductivity of natural Ceylon graphite samples mount in dielectric medium (Teflon or marble -paraffin mixture) was measured under close to single dynamic loading up to pressures 9-40 GPa [8] . It was found that at pressures in excess of the pressure at which phase transition begins (~ 23 GPa), the sample conductivity decreased 40-150 times. This decrease has two distinct stages. As the pressure increases, the duration of the fast stage reduces from lus at 23 GPa to not more than 0.1 us at 40 GPa. This stage concluded, the electrical conductivity continues to smoothly decrease over the observation period.
The purpose of the present work has been to experimentally investigate the conversion pattern of single crystal pyrolytic graphite and unoriented high density graphite to diamond under single as well as multiple dynamic loading and also in the process of subsequent unloading.
EXPERIMENTS AND RESULTS
In the experiments the high oriented pyrolytic (PH) and unoriented high density (UH) types of graphite were used. The X-ray analysis of PH graphite showed that disorientation of single crystal blocks did not exceed 1°. The plates measured approximately (12x3x0.3) mm 3 . The ends of the plates 2 mm on each side were coated with copper. The initial resistivity of the samples was measured by the four-point method at 0.04 -0.05 Ohm which corresponds to the resistivity 5x10" 6 Ohm-m. The technique of determination of dynamic pressure profiles p(t) and simultaneous registration of the graphite electrical resistivity history R(t) by manganin gauges was used. The experiment is represented schematically in Fig.l . A graphite sample 1 and a manganin gauge 2 of the initial electrical resistance 5-6 Ohm were placed between Teflon disks 3 which themselves were positioned between metal screens made from copper or aluminium, depending on the dynamic pressure required. The sample was disposed so that its base plane was perpendicular to the vector of the shock wave velocity. The elements of the electrical circuit were mounted directly on the experimental assembly.
The rectangular-contour shock wave was first excited in screen 4 upon its colliding with plate 5 accelerated by the detonation products of a special explosion device. Since the dynamic compressibility of both Teflon and graphite is significantly below that of copper or aluminium, the experimental sample and the pressure gauge were loaded with a series of shock waves circulated between screen 4 and metal plate 6 until the final pressure determined by the impact speed and the dynamic adiabates of the impactor 5 and screens 4, 6 was reached. The electrical signals were registered on the digital oscillograph Tektronix TDS-744 A, with a transmission band 1 GHz. The measuring circuit was initiated as the impactor 5 closed contacts 7 with screen 4.
Three sets of experiments were conducted under different conditions of dynamic compression of the high oriented pyrolytic graphite. Fig 2a- c present typical time dependence of the electrical conductivity of PH graphite and the dynamic pressure in Teflon, which were determined in the experiment. It should be noted that due to the difference in compressibility of Teflon and graphite, the pressure in the latter will be a little higher than is quoted. The shock adiabates of Teflon [9] and pyrolytic graphite [10] were used hi the respective calculations.
In the first set of runs ( fig. 2a) at the final pressure in the graphite p max = 27 GPa, the amplitude of the first shock wave pi was 21 GPa which is a little higher than the pressure of the pyrolytic graphite -diamond transition on the shock adiabate Ptr (~ 20 GPa) [6] . In agreement with this work, a fast ( essentially less than ~ 50 ns that the shock wave takes to pass through the sample) jump of the specific electrical conductivity £ to about 10 3 Ohm" of the martencite type of the conversion graphitediamond. Further increase or decrease in the pressure produce little effect on the electrical conductivity which assumes the initial value as unloading reaches 5 GPa.
In the second set of experiments (Fig. 2b) , pi was 38 GPa which is essentially higher than pt,-. The pressure p max was 59 GPa. It can be seen that specific electrical conductivity in the first wave also sharply decreases. As the pressure rises to about 48 GPa, S decreases still further by nearly an order of magnitude to ~10
2 Ohm" 1 m" 1 . This is followed by an unusual sharp increase in E against the background of the pressure continuing to increase. Special experiments in which graphite was replaced with an aluminium plate of the identical size did not show that the increase could be caused by a possible close of the sample on the metal screens. This inference was also confirmed by the pattern of further conductivity variations in Fig. 2b . It can be seen that the pressure drop in the unloading wave leads to a new decrease in the conductivity after a time. Three runs were carried out in this set of experiments and they all produced similar results slightly differing only in the! value in the unloading wave.
In the third set, the pressure amplitudes of multiple shock-wave compression were applied in the sequence: P! = 9 GPa, p 2 = 17 GPa, p 3 = 21 GPa, Pmax = 24 GPa. It is seen that an appreciable decrease of the electrical conductivity occurred at 21 GPa. However, unlike the previous cases, I decreases a slow rather than abrupt fashion and reaches the value 10 3 Ohm" 1 m" 1 within 1.3 jus as the pressure increases up to p max . Then, as the pressure in the sample decreases during unloading I gradually returns to the original value.
DISCUSSION AND CONCLUSION
The following conclusions can be drawn from the above results. If the amplitude of the first shock wave exceeds the pressure of the graphite -diamond conversion there occurs fast martencite conversion as indicated by the electrical conductivity values. This conclusion was made in work [6] . On the other hand, preliminary dynamic loading of graphite by a series of shock waves up to the pressure below p ti results in a change in the transition pattern with increasing pressure. The time of conductivity decay in connection with the kinetics of conversion increases at least by two orders of magnitude, reaching 1.3 ^s in the run in Fig.2c . In all probability the reason can be the disruption of the original crystalline structure of graphite essential enough to switch the martencite conversion pattern to the diffusion one under given conditions. To confirm this supposition we made experiments with samples of unoriented high density (UH) graphite. The condition of experiments corresponded ones of the first and second sets for the high oriented pyrolytic PH graphite ( fig. 2a,b) . In fact we found that transition time of UH graphite at the pressure near 22-25 GPa was the same one of PH graphite under preliminary dynamic loading by the pressure below 21 GPa ( fig. 2c) .
Very interesting results were obtained in the second set of experiments (Fig.2b) . They can be interpreted in the following way. Compression in the first shock wave, as in the first case, results in fast partial conversion. The sample is a mixture of two fine-particle phases, diamond and graphite, strongly differing in their specific electrical conductivity and compressibility. The next reflected wave of amplitude 45 GPa leads to a further increase of the weak conductivity phase diamond in the sample with a respective reduction in the conductivity. As the pressure buildup continues, at first the electrical conductivity shows only very slight changes but then abruptly increases. This fact as well as the overall evolution of conductivity with time can be explained in terms of the compression behaviour of systems dielectric matrix -fine-particle conducting filler. The electrical properties of such systems (polymergraphite, in particular ) upon shock loading were studied elsewhere [11, 12] . It was shown that under the action of a shock wave, with the amplitude of pressure exceeding a certain threshold level, the electrical conductivity can increase stepwise (by 5 -10 orders of magnitude) due to percolation. Notably the volumetric concentration of the conducting phase sufficient to cause percolation can be only a few percent in such systems. It appears that the same process operated in our experiments when the pressure exceeded 55 GPa. It will be noted that in this case, as in [11, 12] , the phenomenon reverses the pressure decreases. In particular in the oscillogram (Fig.lc) this shows up as a secondary reduction in the conductivity during the unloading phase over the time period 1.5 -2 jus from the start of compression of the sample.
